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Abstract. We report on the development of plasma-based
sources of extreme ultraviolet radiation for the next-genera-
tion lithography and mask inspection and the development of
equipment for spectral diagnostics of such sources.
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1. Introduction

Projection photolithography (or simply lithography) is one of
the key technological processes in the modern microelec-
tronics industry. Lithography is used for the layer-by-layer
production of an integrated circuit (IC) on the surface of a
silicon chip coated with a photosensitive material (photo-
resist). For this, a quasimonochromatic radiation source is
used to illuminate a photomask that carries the image of a
certain layer of the IC under production. The projection of
this image is transferred with strong demagnification on the
surface of the silicon wafer, where the photoresist exposure
takes place. The past 50 years have seen unprecedented
development of microelectronics, provided by the continual
reduction in the characteristic size of IC elements. This was
made possible largely due to improvements in lithography
technologies.

The minimal size of the elements produced in optical
imaging is limited below by diffraction effects. According to
the Rayleigh criterion, the smallest lateral size of the elements
in the image plane is

kA
ey (1)
where 4 is the wavelength of the radiation in use, NA is the

numerical aperture of the optical projection system, and k is
the proportionality coefficient. A reduction in Ly, is

Lmin =
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achieved, for instance, by increasing NA (immersion litho-
graphy), effectively decreasing k (for instance, by the multiple
exposure process), or shortening the wavelength 1. For
several decades, Ly, was reduced by shortening the wave-
length of the radiation sources used in lithography technolo-
gies.

In the 1980s, mercury lamps (4 = 365 nm) served as the
main lithography source. In the early 1990s, they were
replaced by KrF excimer lasers, which operate in the deep
ultraviolet (UV) region (A = 248 nm). Presently, ArF excimer
lasers, which generate A = 193 nm radiation, are the main
lithography tool. The next step on the path of wavelength
reduction is to pass to extreme ultraviolet (EUV) radiation
with a wavelength 1 ~ 10 nm [1]. EUV lithography is aimed
at the production of ICs with a minimal characteristic element
size less than 10 nm.

The transition of lithography to the EUV region has
required the mastering and industrialization of new or, to be
more precise, unusual ways of radiation generation for the
semiconductor industry. The use of EUV lithography for the
mass production of microcircuits requires an average radia-
tion power of at least 20 W [2], which can be provided only by
plasma radiation sources and free-electron lasers. Free-
electron lasers require huge capital investments: such facil-
ities become profitable for an average output power above
1 kW [3]. At present, the main thrust is directed towards the
development and improvement of high-power plasma sources
of EUYV radiation [4-6].

Early in the development of plasma radiation sources, the
question arose about the working substance [7-10]. Compre-
hensive investigations suggested that the plasma of multiply
charged tin (Sn) ions showed the greatest promise [10-12].
The ions Sn®* —Sn'3* have 4d* — (4d*~'4f + 4p>4d“*!) reso-
nance transitions, which give rise to high-intensity EUV tin
plasma radiation with 1 ~ 10 nm. As shown in Refs [11, 12],
the strong 4d—4f exchange interaction in the 4d*~'4f config-
uration and the strong 4p—4d exchange interaction in the
4p34d**! configuration are responsible for the separation of
the energy levels of these configurations into two bands, the
transition probabilities from the upper band being much
greater than those from the lower band. The strong interac-
tion of the 4d“~'4f and 4p34d**! configurations leads to an
even greater narrowing of this radiation band. As a result,
despite the existence of many hundreds of levels in a broad
energy range, the radiation is concentrated in a relatively
narrow spectral range about 4= 13.5 nm (Fig. 1). It is
noteworthy that the lithographic process involves the radia-
tion in a narrow spectral range of 13.5 4+ 0.135 nm, which is
defined by the effective transmission band of the optical
lithographic system [13].

There are two main approaches to the construction of
high-power tin-plasma radiation sources [14, 15]. The first
involves the use of a vacuum-spark pulsed electric discharge
[16-18]. The second approach is to harness the plasma
produced in ablation of the material by high-power laser
pulses [4, 6]. In both cases, one of the most important source
characteristics is the conversion efficiency (CE), the ratio of
the radiative energy in the 13.5 + 0.135 nm range emanating
into a solid angle of 2x sr in the direction of the collector
mirror to the energy delivered to the plasma (Fig. 2, which
shows a diagram of a laser plasma EUV radiation source).
Experimental investigations of different configurations of tin
vapor discharges have shown that the highest CE for such
discharges is about 3% [18]. Laser plasma allows reaching a
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Figure 1. Emission spectrum of the tin plasma produced by irradiating a
planar target by pulses of a transversely excited (TEA) CO, laser. The
vertical grey band shows the spectral range 4 = 13.5 + 0.135 nm.
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Figure 2. Diagram of a laser plasma EUV radiation source.

CE in the range of 6-7% [19]. Apart from its higher CE, laser
plasma also offers other advantages in comparison with
discharge plasmas. First, in laser plasma sources, the role of
targets can be played by tin microspheres. The use of these
targets of limited mass permits the contamination rate of the
first mirror (collector) to be significantly moderated, which is
one of the most acute problems that face the designers of
industrial EUV lithographic facilities. Second, laser plasma
permits the use of normal-incidence optics, which entails an
increase in the angle of useful radiation collection. The
combination of the above advantages impelled the industry
to decide in favor of laser plasma sources.

Apart from the demand for high-power radiation sources
for EUV lithography, there is a demand for low-power EUV
radiation sources that nevertheless have a high brightness.
These sources are needed for inspecting the contamination of
a lithographic mask by nano- and microparticles. This
technological process is termed actinic inspection. Actinic
inspection requires a radiation source with a wavelength
A=13.5nm and an energy brightness of at least
100 W mm~—2 sr—' [20].

In the early 2000s, the Institute for Spectroscopy of the
Russian Academy of Sciences (ISAN) joined the Interna-
tional Academic Consortium concerned with EUV lithogra-
phy problems and proposed the idea of using tin plasmas to
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design high-power EUYV radiation sources [10]. In this paper,
we describe the contribution of the institute in collaboration
with other research groups (Keldysh Institute of Applied
Mathematics of the RAS (KIAM RAS), Lebedev Physical
Institute (LPI), RAS, and Skobeltsyn Institute of Nuclear
Physics (SINP) of Lomonosov Moscow State University) in
solving research problems related to the development of high-
power radiation sources for lithography. Also covered are
ISAN achievements in the development of high-brightness
EUV radiation sources and equipment intended for the
spectral diagnostics of EUV radiation sources.

2. High-power extreme
ultraviolet radiation source

The laser-plasma source of EUV radiation is illustrated in
Fig. 2. The flow of droplet targets in the source is produced
with a droplet generator, whose operation is based on the
principle of induced jet disintegration [21]. Droplet targets
several dozen micrometers in diameter are sequentially
irradiated by two laser pulses. The first, the prepulse, fulfils
the function of optimizing the target shape by a relatively
weak ablative action. The spherical droplet undergoes a
strong variation of its shape and fragmentation under
prepulse irradiation. The second pulse, the main one, trans-
forms the target material into the plasma state by ablation.
The intensity of the main laser pulse is selected such that the
plasma is heated to a temperature of several tens of electron-
volts to produce Sn®*—Sn'** jons, which radiate near
A=13.5 nm. The resultant plasma is at the focus of an elliptic
collector mirror, which collects the radiation and relays it to
the second focus of the ellipse, the so-called intermediate
focus. The radiation is next relayed from the intermediate
focus to the optical lithography system, which irradiates the
photomask and transfers its highly demagnified image to the
surface of the silicon wafer under exposure.

2.1 Optimal plasma properties

Successful operation of such a complex setup as an EUV
radiation source is hardly possible without numerical simula-
tions. Specifically, improving the conversion efficiency
requires the use of radiative hydrodynamics (RHD) codes to
simulate the main source operation phase — the ablation of
the target material by the main laser pulse with the subsequent
heating of the resultant plasma and the reradiation of the
input energy in the EUV range. Carrying out these simula-
tions requires knowing the radiative and thermodynamic
properties of tin plasma in the absence of thermodynamic
equilibrium. For this, a version of the THERMOS code [22,
23] based on the collisional-radiative equilibrium model was
developed at the KIAM RAS [24]. The simulations use the
Reduced Detailed Configuration Accounting (RDCA)
atomic database [25] constructed using the average atom
model, with the spectral line positions and oscillator
strengths refined using the RCG [26] and FAC [27] detailed
codes. The spectral data were additionally refined and
compared with the measurements on a high-resolution
grazing-incidence spectrometer [28]. The rate coefficients for
collisional processes were calculated by the Lotz [29—32] and
Regemorter [33] approximate formulas. The Kramers
approximation [34] was employed to calculate the photo-
ionization rate. The autoionization rate and dielectronic
recombination rate coefficients were calculated in the dipole
approximation [35].

As a rule, RHD codes use tables based on either
equilibrium (LTE) or transparent (coronal) plasma [36],
which does not furnish an adequate picture of the processes
occurring in the experimental plasma. Under these condi-
tions, the energy transfer is effected by radiation, and the
inclusion of the radiation field therefore determines the net
result of simulations, in particular, the charge state composi-
tion of the plasma for a given temperature and density, which
in turn determines the spectral radiation distribution gener-
ated by the source and its efficiency. It was suggested that the
nonequilibrium radiation field between two limit cases—
optically thin and optically thick plasmas— be interpolated
using the generalized escape factor [37]

[ Frad ds
4r [ [N (w)dodV’

&=

where F.q 1s the radiation flux, S is the surface area of some
characteristic volume ¥ (for instance, a spatial cell or layer),
o is the photon energy, and j'(w) is the emissivity corre-
sponding to the case of optically thick plasma.

Then, in solving the radiation transfer equation, the
opacity and emissivity can be used in the forms [38, 39]

k(w) = &k (@) + (1 = &) k°(w),
J(@) =& (w)+(1-8)j"w),

where k°, k! and j°, j! — the absorption coefficients and the
emissivities — are borrowed from tables pre-calculated under
the corresponding approximations. Here, the superscript ‘0’
corresponds to the transparent case and ‘1’ to the optically
thick one. Because the parameter £ depends on the solution of
the radiation transfer equation, several iterations are required
to obtain & consistent with the actual radiation field. The table
is calculated under the approximation of an optically
transparent plasma, i.e., with the radiation field Uy(w) = 0.
In the second limit case of an optically thick plasma, the
relation U;(w) = Uy (w) is used for the radiation field of a
planar plasma layer of a given thickness L.

Apart from direct use in RHD simulations, the thus
obtained tables of radiative and thermodynamic properties
permit making several preliminary estimates. We consider the
spectral purity (SP), which is defined as the ratio of the plasma
emissivity in the spectral band 64 = 13.54+0.135 nm to the
total emissivity:

13365 /()

Sp = 13365
o JH(A)da

% 100% ,

where / is the wavelengths in nm. Spectral purity is used for
quantitative estimates of the production efficiency of EUV
radiation of the required wavelength.

The spectral radiation purity for tin plasmas is plotted as a
function of the temperature and density in Fig. 3. An analysis
of this dependence shows that there is an (N, T, )-parameter
domain in which the requisite spectral band accounts for
more than 40% of the total radiant energy of the plasma. This
domain is enclosed by a black curve in Fig. 3. As can be
assumed, producing an efficient EUV radiation source
requires generating a plasma with parameters lying within
this domain: the temperature must be in the range
T. =20—90 eV and the ion density must be of the order of
N; ~ 107 10" ecm~3. It is at these parameters that the
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Figure 3. Spectral radiation purity SP as a function of the temperature and
ion density in the case of optically thick plasma with the Uy, radiation field
for L =300 pm.
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Figure 4. Shadow photographs of a liquid metal droplet (material: eutectic
In-Sn alloy; diameter: 56 um) (a) prior to and (b-i) after its irradiation by
a titanium:sapphire laser pulse. The laser radiation propagates from left to
right in the plane of the drawing. The pulse duration is 0.8 ps (full width at
half maximum). The average intensity on the surface of the droplet target
is 7x 108 W cm™2. The scale lengths in the pictures correspond to
500 pm. © American Physical Society. Reproduced with permission.

Sn*®—Sn*!3 jons, which make the main contribution to the
13.5+ 1% nm radiation band, are present in sufficient
numbers. Lower-density domains, despite a rather high
spectral purity, make a small contribution to the total
radiation power, because the emissivity scales as joc N3.
That is, generating the requisite radiation flux for a low
plasma density would require a significant increase in the
geometric plasma size, which is impossible due to the
limitations imposed by the optical subsystem of the facility.
In the higher-density domain, the short-wavelength radiation
is largely reabsorbed by the plasma and does not make an
appreciable contribution to the EUV source efficiency.

2.2 Optimization of target shape

Experiments with the first prototypes of industrial EUV
radiation sources with tin microdroplet targets showed that
the highest laser-to-EUV radiation energy conversion coeffi-
cient did not exceed 1% [4]. Based on experimental and
theoretical investigations [40], it was found that one of the
main reasons for the low conversion coefficient is a low
percentage of absorbed laser energy, not higher than 20%:
the low effective area of the droplet targets and high density
gradients have the effect that the greater part of the laser
energy is either reflected or scattered. Furthermore, as
suggested by theoretical estimates, tin plasma with the ion
density N; ~ 107 —10" cm—3 is optimal for /= 13.5 nm
radiation. The density of tin atoms in a droplet corresponds
to the condensed matter state: N; ~ 102 cm™3. Evidently,
this difference between the initial material density and the
optimal plasma density is also a kind of obstruction, which
has to be overcome in the course of laser ablation of the
target. To improve the energy input efficiency for the main
laser pulse and produce a plasma with optimal characteristics
for EUV radiation, it was proposed to change the spatial
configuration of the target (droplet) with the use of a laser
prepulse.

We assume that the initial tin droplet undergoes fragmen-
tation under some external action, to turn into a cloud of
droplets of significantly smaller size (~ 0.1—1 pm), and this
debris cloud expands. In this case, a significant increase
occurs in the effective target surface area compared with the
area of the initial spherical droplet. As a consequence, in the
irradiation of this target by the main laser pulse, the fraction
of absorbed laser energy and the material ablation rate are
much higher. The plasma then occupies the volume encom-
passing the debris cloud. In this case, the spatial debris density
directly affects the plasma density. The target modified this

way allows reaching the optimal plasma density and tempera-
ture much faster. Furthermore, by varying the prepulse
parameters, it is possible to control the spatial plasma
distribution, which is required for optimizing the radiation
absorption of the main laser pulse.

The main purpose of the laser prepulse is precisely to
optimize the target. For instance, the fragmentation of tin
droplets can be effected by femtosecond or picosecond laser
pulses. Experimental research on the disintegration of liquid
metallic droplets under irradiation by chirped pulses of a
titanium:sapphire laser was carried out at the ISAN [41-45].
Figure 4 shows the droplet shape evolution under irradiation
by a picosecond pulse with the average intensity [~
7 x 1013 W cm~2. Each image in Fig. 4 is an instantaneous
shadow photograph obtained some time after the arrival of
the titanium:sapphire laser pulse. We can see that the droplet
initially undergoes a large expansion, turning into a complex
structure consisting of two cavities surrounded by a liquid
metal shell. As a result, a cloud of fragments concentrated in a
structure reminiscent of a dome or a hemisphere in shape is
produced. As suggested by numerical simulations, this picture
of droplet disintegration is caused by the passage of a shock
wave produced by the ablative action of very short laser
pulses [45, 46].

Pulses 7p ~ 10 ns in duration were regarded as an
alternative to a short picosecond prepulse [47-49]. Experi-
mental investigations of the ablative action of Nd:YAG laser
pulses on liquid metal targets were also carried out at the
ISAN. The shape evolution of a droplet irradiated by an
Nd:YAG laser pulse with the average intensity [~
5 x 10° W cm~2 on the target surface is exemplified in Fig. 5.
It can be seen that the droplet undergoes a strong deformation
and turns into a thin metallic disk. This target also permits a
significant increase in the ablation rate and the percentage of
absorbed energy of the main laser pulse in comparison with
the initial droplet target.

2.3 Production of EUV-radiating plasma
The main pulse ablates the target material and transforms
this material into a plasma with parameters that permit an
efficient generation of useful EUV radiation. As noted above,
the optimal plasma parameters for the production of EUV
radiation are T. = 20—90 eV and N; ~ 3 x 10'® cm 3.
Modern laser technologies allow producing high-power
CO; gas lasers with a wavelength of 10.6 um and solid-state
Nd:YAG lasers with a wavelength of 1.064 um (a variety of
lasers can be made, but only these two are left in view of the



308 D B Abramenko et al.

Physics— Uspekhi 62 (3)

L] -
® 200 m

L] L] L]
[ ] L] L]
L] L] L]

1

»

b .
L] L] @
® L J L
L ] L] [ ]
@ @ @
0 0.3 ps 1.Ops 2.0ps 32us  6.0ps 7.0ps 9.0ps

Figure 5. Shadow photographs of a liquid metal droplet (material: eutectic
In—Sn alloy; diameter: 70 um) prior to and after irradiation by an
Nd:YAG laser pulse. The laser radiation propagates from left to right in
the plane of the drawing. The pulse duration is 18 ns (full width at half
maximum). The average intensity on the surface of the droplet target is to
5% 10° Wem™2,

requirement of a high repetition rate). The choice between
these two versions is determined by the basic aspects of laser
radiation—matter interaction. Infrared radiation interacts
primarily with the electron gas of the plasma. Laser radiation
propagates from a vacuum towards dense plasma layers. In
this case, the radiation does not penetrate the layers with the
electron densities higher than the critical density

1021
N N3 (2)
AL

where N¢ is measured in cm ™ and the laser wavelength ;. in
pm. In plasma configurations typical for the EUV source, the
greater part of laser radiation is absorbed in precisely the
layers with a density close to N¢. For the Nd:YAG laser, the
critical electron density is equal to 10*' cm~3 and for the CO,
laser, to 10" cm™3. Therefore, the CO, laser radiation is
absorbed in plasma layers whose density is close to the plasma
density optimal for the generation of useful EUV radiation.
The Nd:YAG laser radiation is absorbed in the plasma layers
of a much higher density, which correspond to a lower
spectral purity of the output radiation and a lower conver-
sion efficiency of laser radiation to the plasma radiation in the
working spectral band 64 = 13.5 + 0.135 nm. Experimental
investigations performed by different research groups showed
that the use of Nd:YAG lasers permits reaching the efficiency
of conversion to useful radiation CE =2.0-2.5% [50], while
the use of a CO; laser allows obtaining CE = 6—7% [19].
Considering these qualitative and quantitative arguments, the
designers of industrial EUV radiation sources decided to give
preference to CO, lasers.

Developing an efficient EUV radiation source requires a
detailed study of the interaction of the main laser pulse with
the target. Various processes show up in the interaction of
high-power laser radiation with a substance: target material
ablation, laser radiation absorption in the vapor of this
material and in the plasma, ionization and recombination,
as well as the emission and absorption of short-wavelength
radiation in the plasma, and eventually the plasma expan-
sion. Experimentally, it is relatively easy to measure several
integral characteristics of laser plasma, like the emission
spectrum, the size of the region radiating in a certain spectral
range, and the ion kinetic energy spectrum. However, these

data do not permit the above physical processes to be
characterized completely, which complicates the search for
basic options for optimizing the EUV source operation. This
generates the need for a theoretical simulation of the laser-
driven source. For this, an RHD code RZLINE was
developed at the ISAN, which allows simulating the physical
processes occurring in plasma short-wavelength radiation
sources. The RZLINE code is described elsewhere [S1]. It was
validated by comparing the data of numerical simulations
with the experimental data obtained at the ISAN and by
other research groups.

We demonstrate the RZLINE code capabilities with the
example of simulating the key characteristics of the laser
plasma produced in the interaction of the main CO; laser
pulse with the dome-shaped target formed under picosecond
prepulse irradiation. The calculated plasma emission spec-
trum in the 12-20 nm range and on the scale of the
13.5+0.135 nm spectral band is exemplified in Fig. 6. The
calculated spectrum was taken at an angle of 0° to the normal,
which is assumed to coincide with the laser axis in RZLINE,
the z axis pointing towards the laser system. Figure 7 depicts
the spatial profile of the plasma emission intensity (the energy
brightness) in projections at 0° and 90° to the normal at the
instant of the peak power of laser radiation. The spatial
distributions of the electron temperature and EUV radiation
density corresponding to the same instant are shown in Fig. 8.
The RZLINE code also permits calculating the energy
spectrum of the ions (Fig. 9a) emanating from the plasma
and the angular distribution of ion fluxes (Fig. 9b). These
data hold significance in calculating the contamination of the
collector surface by plasma streams.
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Figure 6. (Color online.) Time-integrated emission spectrum of the EUV
source recorded at an angle of 0° to the normal. Blue lines (/) denote the
limits of the 13.5 £ 0.135 nm spectral band.
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Figure 7. Energy brightness of the EUV source in the 13.5 £+ 1% spectral
band in projections (a) 0° and (b) 90° to the normal at the instant of peak
brightness of the laser radiation.

2.4 First-mirror protection

Every laser plasma burst in the EUV source chamber results
in the expansion of the target substance into the full solid
angle. The optimal source operation mode implies complete
tin target conversion to the plasma state, and the expanding
substance streams therefore consist primarily of tin ions and
electrons. A significant fraction of the vaporized target mass
flies towards the first mirror, the radiation collector. The
contamination of the mirror surface by tin cannot be
tolerated because it entails a rapid decline in its reflectivity
for EUV radiation. Undisturbed source operation therefore
requires an efficient protection of the first mirror from plasma
streams. For this, a strong magnetic field [52-54] and
protection with a buffer gas [55, 56] can be used. A
sufficiently strong magnetic field can divert the trajectories
of motion of the tin ions away from the first mirror surface.
The gas-assisted protection implies the deceleration of tin ions
in the gas medium. In this case, only those ions can be used
that have a relatively high transparency at a wavelength of
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Figure 8. Spatial distributions of (a) the electron temperature and (b) the
EUYV radiation density in the spectral band 13.5 & 1% nm at the instant of
peak power of laser radiation. The closed contours denote the electron
density Ne.

13.5 nm. Among these gases are argon, helium, and hydro-
gen [57]. Hydrogen is the most transparent of the above gases,
and therefore it is precisely this gas that is used in systems of
gas-assisted protection of industrial EUV radiation sources
[4, 6]. Moreover, hydrogen forms volatile SnH, compounds
with tin, which also permits using hydrogen for the removal of
tin deposited on the surface of the main mirror [58].
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Figure 9. Energy spectrum of (a) ions emanating from the plasma and
(b) the angular distribution of ion fluxes.

One of the key characteristics of gas-assisted protection is
the stopping cross section g, for tin ions in hydrogen. For ions
with a given kinetic energy E flying through a gas medium
with a particle density 7, g is defined as

1 dE

T T A (3)
where dE is the kinetic energy of the ion lost in its passage
through a gas layer of thickness dx. At the ISAN, measure-
ments were made of the stopping cross section for tin ions in
hydrogen for the ion energy range corresponding to the
operating conditions of the EUV lithography source. The
measurement technique is described in Ref. [59]. Figure 10
shows the measured dependence of o5 on E for Sn'* and Sn**
ions.

To investigate the efficiency of gas-assisted first-mirror
protection and search for prospects to optimize it, the
program code PGI [60] was developed at the ISAN. This
code allows simulating the structure of gas streams in an EUV
radiation source chamber. In essence, the PGI code solves
gasdynamic equations for a multicomponent (H,, H, Sn,
SnH,) gas flow with the inclusion of heat transfer, chemical
reactions between individual components, and diffusion and
convection of individual components.

From the standpoint of equations that describe the
dynamics of a multicomponent gas flow, the laser plasma is
an external quasi-point-like source of the substance of one of
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Figure 10. Dependence of the stopping cross section on the kinetic energy
measured for Sn'* and Sn?* tin ions in hydrogen. Borrowed from Ref. [59].
© AIP Publishing. Reproduced with permission.

the flow components (Sn) as well as of energy and momen-
tum. After every burst of the source, the tin plasma and its
generated radiation expand into the full solid angle. In the
course of expansion, the high-energy plasma particles (for
instance, ions with the energy up to 10 keV) undergo multiple
collisions with particles of the gas medium and transfer
energy and momentum to them. The deceleration of the
plasma streams by the gas results in some spatial distribution
of the vaporized tin target mass over the chamber volume.
The collisional energy transfer heats the gas that fills the
source chamber.

Broadband plasma radiation is partly absorbed in the
course of propagation through the gas, which also contributes
to its heating. The heating and short-wavelength (4 < 85 nm)
irradiation give rise to partial ionization of hydrogen. In the
interaction of atomic hydrogen with the tin deposited on the
chamber walls or optical surfaces, chemical reactions respon-
sible for the formation of volatile SnH, tin—hydrogen
compounds occur [61]. The inverse reaction also occurs: the
disintegration of the SnH, molecules in their collisions with
the chamber walls [61]. For a long operation of the source, a
certain stationary structure of streams forms in the chamber.
Against its background, diffusion and convection of the
individual components of the gas phase occur. The inclusion
of these processes is also of importance for the correct
calculation of contaminating tin streams to the first mirror
surface.

3. Sources for actinic inspection

Monitoring the state of the functional optical surface of a
mask is an important element of EUV lithographic technol-
ogy. The mask surface can bear defects that appear in the
course of photomask production. Furthermore, the mask
surface can be contaminated with time by micro- and
nanoparticles. The existence of such defects and contami-
nants on the mask surface is intolerable because they are
highly likely to give rise to critical defects in the integrated
microcircuits produced by EUV microlithography. The
functional mask surface must therefore undergo inspection
on a regular basis.
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EUV microscopy at a wavelength of 13.5 nm is the
optimal tool for this task. This also requires an EUV
radiation tool. Such a source must have a high average
energy brightness (B > 100 W mm~2 sr!), a high stability
of radiation energy dose (30 < 3.5%), and high spatial
stability [20]. In this case, plasma sources are also highly
attractive. However, mask inspection does not require a high
radiation power. It is therefore possible to use collector optics
with a relatively small angle of radiation collection, which is
much easier to protect from the contaminating substance
streams from the plasma radiation source. This greatly
simplifies the task of designing a high-efficiency EUV
radiation plasma source for mask inspection. For instance,
in the laser plasma case, it is possible to abandon the droplet
target and use a continuous renewable liquid target instead,
which is much easier from the technological standpoint.
Consequently, there are many more possible solutions for
the construction of such a source.

Two approaches to the design of a high-brightness
plasma radiation source with a wavelength of 13.5 nm were
proposed at the ISAN [62]. Both approaches harness the
laser plasma produced by pulsed 4= 1.064 pm Nd:YAG
laser radiation. The main difference lies with the target type
in use.

3.1 Tin plasma-based source

The first approach to the plasma source design involves the
use of a rotating ring target of melt tin. For this purpose, a
small quantity of melt tin is placed into a cylindrical vessel
rotating about the vertical axis (Fig. 11). For a sufficiently
fast rotation, the tin covers the inner surface of the vertical
wall of the vessel and forms a liquid ring-shaped target. The
laser radiation is injected and the EUV radiation is extracted
at a small angle to the horizontal. Due to the fast rotation of
the target, the contaminating particles (mostly the droplet
fraction) escaping from the interaction zone acquire a velocity
vector that rules out their arrival at the input (laser) and
output (EUV) windows. Furthermore, the aperture of EUV
radiation collection and the aperture of the lens that focuses
the laser radiation are both limited by hollow conical
structures, as shown in Fig. 11. This imposes a strong
limitation on the harmful droplet, vapor, and plasma
streams propagating in the direction of the optical surfaces.
In addition, to suppress these harmful streams, it is planned to
use a protective gas flow directed towards the plasma source
and magnetic field protection.

Rotating
target

EUV

Tin layer Laser

Figure 11. Schematic of an EUV radiation source that uses a rotating
circular target of liquid tin for the production of laser plasma.

Vacuum
chamber 'y

EUV

Lithium collector

Figure 12. Schematic of an EUV radiation source that uses a liquid lithium
jet target for laser plasma production.

3.2 Lithium plasma-based source

The second approach involves the use of plasma produced by
pulsed laser irradiation of a liquid lithium jet target (Fig. 12).
We note that the lithium plasma also permits obtaining
13.5 nm radiation by exciting the 1s—2p transition in
hydrogen-like Li>* ions. The efficiency of input energy
conversion to the EUV radiation energy becomes lower as
we pass from tin to lithium, but lithium offers several other
advantages. First, the extremely narrow emission line of
lithium saves us from additional spectral filtration and
permits the use of Fresnel-zone plate optics. Second, lithium
evaporates from optical surfaces under their heating, making
it possible to design a source with self-cleaning optics. In the
source, lithium circulates along a closed circuit. Its main
elements are a magnetohydrodynamic pump, a conduit, and a
vacuum chamber. The chamber accommodates a nozzle,
which forms a jet of special configuration, and a lithium
collector (see Fig. 12). The lithium jet velocity exceeds
20 m s~!, which provides stable source operation for a laser
pulse repetition rate of several tens of kilohertz. The design of
the vacuum chamber—as well as of the input and output
windows —rules out the loss of lithium due to its removal
from the interaction zone.

Both approaches described above permit reaching the
requisite level of 13.5 nm radiation brightness. Presently, in
collaboration with the EUV Labs (Troitsk, Moscow) and
ISTEQ (Netherlands) companies, the ISAN is developing
prototypes of EUV radiation sources in accordance with the
above approaches.

4. EUYV radiation spectrometers

The investigation of short-wavelength radiation sources
required the development of new spectral instruments.
Recording of images with vacuum ultraviolet (VUV) micro-
channel plate (MCP) detectors provides frame-by-frame
temporal resolution with nanosecond exposure times, which
permits studying the plasma dynamics. At the ISAN,
expertise in using luminescent screen-MCP assemblies for
recording VUV discharge-plasma images obtained with a
pinhole camera dates back to the early 1990s [63]. During
the work on the EUV source, demand arose for using an MCP
detector in grazing-incidence spectrometers.
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Figure 13. Schematic representation of a grazing-incidence spectrometer

with an elastically bent MCP.
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Figure 15. Diagram of a grazing-incidence spectrometer with the entrance
slit displaced from the Rowland circle. Distances are indicated in cm.
(Grazing angle: 40°; grating radius: 1 m; groove density: 600 mm~"). S—
entrance slit, G—diffraction grating, C— Rowland circle, D —circle of
radius equal to the grating radius, F—surface of best spectral line
focusing, M —position of the detection plane. © AIP Publishing.
Reproduced with permission.
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Figure 14. VUV spectrum of multiply charged Al ions in the range of 8—
11 nm.

The first technological solution was the use of a classical
spectrometer in combination with an MCP elastically bent
along the Rowland circle [64]. The spectrometer is schema-
tized in Fig. 13.

Although the spatial MCP resolution is not very high (50—
100 um), this spectrometer permits reaching a spectral
resolving power A/34 ~ 500 in the 10 nm range. Figure 14
shows the spectrum of multiply charged aluminum ions in the
range 8—11 nm, which demonstrates this spectral resolution.
The spectrum was obtained from a low-inductance vacuum
spark discharge with a peak discharge current of 100 kA.

A disadvantage of the proposed scheme is the grazing
incidence of radiation on the MCP surface, which signifi-
cantly lowers its sensitivity [65]. A possible solution might be
to develop a flat-field spectrometer [66—68]. However, these
spectrometers invite the use of a varied line-space diffraction
grating, which is a rather expensive optical element.

As an alternative, implemented at the ISAN was the
optical configuration of a grazing-incidence spectrometer
with a conventional spherical diffraction grating, in which
the entrance slit was displaced from the Rowland circle
towards the grating [69]. In this configuration, the surface of
spectral line focusing has a point at which the tangent to the
surface is perpendicular to the line of sight (see Fig. 15). This
point lies on the circumference D of a radius equal to the
curvature radius of the grating G. The wavelength of the

Figure 16. Capillary discharge spectrum recorded using a spectrometer
with a shifted slit.

spectral line at this point is defined by the displacement of the
slit from the Rowland circle [69]. The proposed optical
scheme exhibits a significantly lower curvature of the focal
surface than the scheme with the entrance slit placed on the
Rowland circle [69]. In this scheme, it was possible to use the
LPS-MCP/1F-D56 luminescent screen—-MCP assembly devel-
oped at the ISAN. The calculated spectral resolving power
2/8 is 200-500 in the 10-40 nm range. The real attained
resolving power is approximately a half of that, which is due
to the low spatial resolution of the MCP. Figure 16 shows a
spectrum obtained in the air capillary discharge for a peak
current of 40 kA, the main lines belonging to oxygen and
nitrogen. A further refinement of the proposed spectrometer
implies the use of a charged-coupled device (CCD) matrix as
the radiation detector, which will improve its resolving power.

5. Conclusions

We have outlined the key physical principles of the operation
of a plasma radiation source intended for EUV lithography.
A start on the development of an industrial radiation source
based on a tin laser-produced plasma was made in 2005 [70].
In 2017, the CYMER company (a subdivision of the ASML
holding company, Netherlands) demonstrated the minimal
target power level (250 W) for the first time [71]. In 2018, EUV
lithography facilities with a 250 W source started operating in
the test mode at microcircuit manufacturers [71]. At present,
the key task is to improve the ratio of the useful operation
time to the downtime of the lithography facility associated
with its maintenance, one of the main points of which involves
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cleaning the main collector mirror of the EUV radiation
source. According to estimates by Intel (USA), increasing
the useful operation time by 10% corresponds to a 50 W
increase in the average source power [71]. Therefore, the
emphasis of development shifts from the optimization of
radiating plasma parameters to the minimization of the
harmful action of contaminating streams of vaporized tin on
the collector mirror. At present, it may be suggested that the
structure of the EUV radiation source for industrial litho-
graphy has assumed a nearly complete form.

As regards a source for actinic inspection of lithographic
masks, highly diversified approaches to its construction are
presently under consideration. This possibility of choice exists
owing to significantly less stringent requirements imposed on
this kind of radiation source, in particular, owing to the
absence of the requirement of high EUV radiation power as
well as to much shorter intervals of operation load. The lower
output power permits abandoning the use of collector optics
with large radiation collection angles, which in turn simplifies
the design of the system of optics protection from contam-
inating substance streams inherent in plasma sources. Work
on the development of high-brightness laser-plasma EUV
radiation sources is underway at the ISAN. It is proposed to
use continuous liquid-metal targets and solid-state lasers for
the production of EUV-radiating plasma, which will make it
possible to significantly simplify the source and lower the
costs of its subsequent operation.

Industrial application of plasma EUV radiation sources
calls for the development of compact, reliable, and simple
instruments for spectral plasma diagnostics in the short-
wavelength region. Several compact spectrometers have
been developed at the ISAN for the diagnostics of EUV
radiation sources; in particular, an optical configuration of a
flat-field spectrometer has been realized without the use of
costly varied line-space diffraction gratings.
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